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Based on the observed correlations between tempera-
ture, δ18O and δD isotope ratio abundances and radium 
activity ratios, at least two distinct hydrologic environ-
ments were identified. Nearshore waters with (1) weaker 
groundwater signals have lower temperatures and more 
depleted δ18O and δD abundances and higher radium 
ages; (2) stronger groundwater signals have higher tem-
peratures, more enriched δ18O and δD signatures, and 
lower radium ages. Nevertheless, the pervasive occur-
rence of SGD along the entire coast indicates that in-
land anthropogenic inputs of pollutants likely affect the 
ecosystem health and magnitudes of impact are expected 
to vary dependent on the different inputs and forms of 
groundwater discharge.
Introduction
Karst aquifers have a vital importance to water supply 
worldwide. According to recent estimates, carbonate 
rocks that form karst represent circa (c.) 14% of Earth’s 
land surface (Chen et al., 2017). Karst water resources 
have been and remain at the core of sustainable eco-
nomic development of many regions (Parise and Sam-
marco, 2015). They supply c. 15% of the global popula-
tion with drinking water, and in many regions, are the 
only water resource available (Parise et al., 2018). Karst 
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formations are characterized by intrinsic geological and 
hydrogeological features, such as dissolution processes, 
cavities and conduits that facilitate rapid infiltration of 
runoff and concentrated groundwater flow (Figure 1) 
(Parise and Gunn, 2007). These characteristics result 
in a high capacity of karst aquifers to store and carry 
contaminants from sources to potential exposures zones 
(e.g., estuaries and coastal seas). Because they are highly 
productive groundwater systems (Steele-Valentín and 
Padilla, 2009), karst environments are among the most 
vulnerable to degradation and over-exploitation world-
wide (Parise et al., 2018). In addition, karst groundwater 
contamination presents a unique global public health and 
economic challenge.
Coastal aquifers are a nexus of oceanic and terrestrial 
hydrologic ecosystems and provide water resources for 
over one billion people (Post, 2005; Small and Nicholls, 
2003). With population increase, contamination and 
overexploitation of groundwater resources are likely to 
be exacerbated in coastal regions with carbonate sub-
strates (Escolero et al., 2002). When combined with cli-
mate change (e.g., sea level rise and increased frequency 
and intensity of storms), adverse impacts on coastal 
water resources will be felt globally (Milly et al., 2005; 
Vörösmarty et al., 2000) including seawater intrusion 
and pollutant accumulations (Ferguson and Gleeson, 
2012), as well as the gradual diminishment of ecosys-
tem services (Reams et al., 2012). In coastal settings, the 
Figure 1.  Northern Yucatán karst aquifer, land-sea and the surface and groundwater connec-
tion conceptual model (modified from NCRL, 2017) (A) surface expression of submarine springs 
(i.e., Xbuya Ha), (B) underground caverns and conduits for groundwater flow, (C) and coastal 
spring at Dzilam the Bravo, (D) Due to the ubiquity of cavities, Yucatán lacks surface rivers, thus 
freshwater and all human-derived wastes, flow through a network of underground well-devel-
oped conduits, towards coastal lagoons and the sea.
20816TH SINKHOLE CONFERENCE    NCKRI SYMPOSIUM 8
functioning of karst aquifers is closely linked to the sea 
(Figure 1). The action of tidal forcing (Valle-Levinson 
et al., 2011) and variable-density flow caused by seawa-
ter intrusion (Arfib et al., 2007) and aquifer discharge 
through submarine springs (Slomp and Van Cappellen, 
2004) amplify the complexity of karst environments in 
coastal areas. These physical mechanisms shape the de-
velopment of karst and the geochemical and biological 
processes affecting the quality of water resources and the 
health of human and estuarine ecosystems (Bear et al., 
1999). Understanding the complex linkage between karst 
water resources and their impact on coastal communi-
ties is especially relevant in developing countries, where 
poverty and education level make these challenges more 
critical. A major concern is the threat to the communi-
ties’ safety, health, and longer-term social and economic 
stability due to ineffective water resource management.
In coastal areas with carbonate rock formations, subma-
rine groundwater discharge (SGD), which is critical for 
coastal ecosystems and their services, occurs offshore 
on the order of1 m3 s-1 per karst spring direct opening 
on the seafloor or by diffuse discharge through the bed 
sediments (Valle-Levinson et al. (2011); Figure. 1). Re-
gardless of its source (e.g., meteoric fresh groundwater 
or recirculated brackish water), SGD was found to be 
a source of ecologically significant nutrient (Urquidi-
Gaume et al., 2016) and cations (Charette and Buesseler, 
2004; Montluçon and Sañudo-Wilhelmy, 2001; Rodellas 
et al., 2014) inputs to estuaries and ocean. Thus, there are 
concerns of pollutant inputs to the coastal seas via karst 
spring discharges and contaminant exposure for humans 
and ecosystems (Yu et al., 2015). For instance, the con-
tinued residential and agricultural development of inland 
aquifer recharge areas, particularly in developing coun-
tries, is polluting groundwater and the sea in the form 
of SGD (Slomp and Van Cappellen, 2004), potentially 
endangering fisheries (Lotze et al., 2006). However, 
climate conditions and human activities could alter the 
magnitude of SGD and the associated fluxes of solutes 
to the surface estuaries. In addition, sources and magni-
tudes of SGD can also be influenced by the subsurface 
heterogeneities. 
Significant magnitudes of point groundwater discharges 
were observed near the Gulf of Mexico coastline along 
the Yucatán Peninsula. These significant SGD inputs 
were found to affect the coastal flow and salinity fields 
in areas with high density and intensity of point dis-
charge (Valle-Levinson et al., 2011). Thus, SGD could 
have large implications on the health of ecosystems, es-
pecially where point discharges are dominant.  For in-
stance, studies show that along the northern coast of the 
peninsula, there are four hydrological zones that have 
different influences on the hydrochemistry and trophic 
status of the near-shore marine waters (Herrera-Silveira 
and Morales-Ojeda, 2009; Morales-Ojeda et al., 2010). 
However, the balance between terrestrial and oceanic 
influences, like groundwater discharges and/or oceanic 
upwelling, on spatial scales is poorly understood. Fur-
thermore, unknown are the types and degree of ground-
water inputs along Yucatán’s coastline. 
This study aimed to determine the magnitude and sourc-
es of groundwater discharge to the northern coast of 
the Yucatán peninsula. Radiogenic and stable isotopes 
are employed to evaluate the spatial heterogeneity of 
groundwater discharges. These types of measurements 
have proven to be useful tracers of terrestrial and recir-
culated SGD. However, their application in karst coastal 
settings, where SGD can occur both as channeled flow 
(i.e. springs) or dispersed seepage, is limited. Since ra-
diogenic isotopes integrate SGD fluxes over the scale of 
sampling, they have contributed to a better understand-
ing of SGD dynamics, as opposed to physical measure-
ments, which only constrain SGD fluxes on small, lo-
cal scales (Burnett et al. 2006; Cable et al. 2004; Moore 
2006; Murgulet et al. 2018).
Study Area
The Yucatán population has increased rapidly in the last 
decades (1,362,940 in 1990 to 2,091,500 in 2014; Popu-
lation City, 2019), and with this trend expected to contin-
ue, food and energy demands will continue to increase, 
thus exacerbating the contamination associated with ag-
ricultural and industrial activity (Lutz et al., 2000). With 
implications directly related to the impacts of submarine 
groundwater discharge on the well-being of humans and 
ecosystems, this study focused on the approximately 
300-km of coastline, settled on a highly vulnerable and 
sensitive karst dominated environment in the northern 
coastal Yucatán Peninsula, Mexico (Figure 2).
The Yucatán Peninsula is a limestone platform. Typi-
cally, the dry season extends from March to June and the 
wet season from July to November. Between December 
and February, precipitation is sporadic and light, usually 
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ite collision during the Cretaceous period < 65 million 
years ago (Pope et al., 1996). The permeability of the 
karst aquifer is largely scale-dependent with preferen-
tial flow paths ranging from large dissolution conduits 
(10–100’s of m) to smaller scale fractures (1–10 cm) 
(Gonneea et al. 2014). The hydraulic gradient is very 
low (1–10 cm⸱km-1) with flow generally perpendicular 
to the coastline (Gondwe et al. 2010). The fresh ground-
water forms a distinct lens on top of the intruding marine 
water within conduit cave systems, which are accessible 
via sinkholes called “cenotes” (Metcalfe et al. 2011). 
The hydrogeologic characteristics of the coastal area as 
described by Perry and Socki (2003) can best be under-
stood with reference to two features: (1) terrestrial water 
inputs to the coast are virtually groundwater, which is 
channeled into specific zones in response to structural 
features such as faults or lineaments. These unique char-
acteristics explain the existence of three important north 
coast freshwater discharge zones: Estuario Celestún (Ce-
lestún area), Bocas de Dzilam (Dzilam de Bravo area), 
associated with the propagation of cold fronts (Nortes). 
The mean historical precipitation rate is < 1000 mm⸱yr-1 
(Valle-Levinson et al., 2011). The upper hundreds of me-
ters of almost pure carbonate rocks and evaporites form 
a mature karstic system in the peninsula. Soil cover is 
thin to non-existent due to the little, if any, residue left by 
dissolution process of the rocks (Escolero et al., 2000). 
Thus, rainwater percolates rapidly through the porous 
substrate into the aquifer and there are no surface rivers. 
The aquifer consists of a thin freshwater lens that is un-
derlain by saltwater intruding inland more than 100 km 
from the coast (Perry and Socki, 2003). The aquifer is 
unconfined except for a narrow band parallel to the coast 
(Perry et al., 1989).
This region is unique because of the presence of a 
“ring of cenotes” that preferentially directs continental 
groundwater toward the ocean (Figure 2) (Perry et al., 
1995). The ring of cenotes formed in the outer edge of 
a crater, the Chicxulub crater, produced by a meteor-
Figure 2.  Map of the study area showing the locations of sampling stations, cenotes and subma-
rine springs sampled in this study, towns and cities, and cenotes located throughout the Yucatán 
(based on the “Yucatán cenotes” layer in the ESRI online database). The length of shoreline 
covered each day in also shown.
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This equation assumes radium activities and activity ra-
tios are greatest in the Ra source (i.e., groundwater and 
sediment containing Ra) and elevated in receiving near-
shore water relative waters further offshore due to SGD 
and desorption from sediments. Consequently, radium 
activities and ARs should be decreasing as the water 
mass is moving away from the discharge point due to 
radioactive decay and mixing with more dilute offshore 
waters. This equation also assumes Ra additions are oc-
curring continuously over a wide area. The short-lived 
isotope is normalized to the long-lived isotope with ac-
tivities that are expected to only decrease due to dilution. 
Using the cenote and submarine spring activity ratios as 
the source of radium (i.e. water source), an estimate of 
the time since SGD occurred was provided. 
Continuous radon-222 (222Rn) measurements
Continuous radon-222 (222Rn) measurements were re-
corded along five shore-normal transects from El Cuyo, 
Mexico, to San Felipe, Mexico, (corresponding to sta-
tions 1-5) and uninterrupted from shore-parallel tran-
sects from San Felipe to Celestún, Mexico, over four 
consecutive days.  We used three RAD-7 detectors con-
nected in series following the procedure described in de-
tail by Burnett and Dulaiova (2003); Lambert and Bur-
nett (2003); Smith and Robbins (2012). Briefly, surface 
water was continuously pumped (2 to 4 liters per min-
ute) from 1.0 m below the air-water interface to a RAD 
Aqua air-water equilibration chamber where 222Rn was 
separated from the water into the headspace of the cham-
ber. This 222Rn laden air was then circulated through the 
RAD-7 detectors. The boat was maintained an average 
speed of ~20 km⸱hr-1 between sampling stations, so the 
water intake tubing was kept in place within the water 
column by an aluminum pipe with a crescent cutout, to 
avoid cavitation bubbles, fastened to the outside of the 
boat and lowered to the desired depth. The three RAD-7 
units connected in series collected data over 30-minute 
and Laguna Conil (just east of El Cuyo) (Figure 2); (2) 
and the so called “groundwater sandwich” developed 
due to the presence of a coastal aquitard along the north 
coast of the Yucatán Peninsula.
Cenotes are well mapped on land, but it is likely that many 
that occur inside the mangroves (i.e., coastal springs) are 
still to be discovered. The most energetic oceanic spring 
(called Xbuya-Ha; Figure 1B) was observed to reduce 
the mean oceanic salinity from a background salinity of 
36 to values of 23. At this location, Valle-Levinson et 
al. (2011) measured groundwater discharge velocities, 
across the < 1-m2 opening on the bedrock, up to 104 m3 
d-1. In addition, a study by Young et al. (2008) suggests 
that substantial groundwater discharge can occur further 
to the west (i.e., Celestún Lagoon) during both dry and 
rainy seasons.
Methods
Sample collection and analysis
Radioactive isotope measurements 
Radium isotopes were measured in seawater at the be-
ginning and end of the ~350 km long sampling transect, 
all odd numbered sampling locations, and six coastal or 
submarine springs (Figures 1, 3). Activities of the short-
lived 223Ra and 224Ra isotopes were measured on a Ra-
dium Delayed Coincidence Counter (RaDeCC) (Moore 
and Arnold, 1996). Measurements of the long-lived 226Ra 
isotopes were conducted using a RAD7 using methods 
by Kim et al. (2001). All surface water, coastal spring 
and submarine spring radium samples were collected in 
20 L plastic carboys for total volumes ranging from ~20 
L (springs) to ~65 L (seawater). The associated uncer-
tainties in Ra activities were estimated following Gar-
cia-Solsona et al. (2008) and were found to be < 10%. 
Activities of 222Rn in groundwater from coastal springs 
were measured with a RAD-7 detector (Durridge Inc.; 
portable monitor spectrometers) with soda bottle acces-
sory.  
Radium water ages
Radium water ages, or the relative time that has elapsed 
since the radium left its source, was calculated using the 
ratio of the short-lived (i.e., 224Ra; half-life T
1/2
 = 3.6 d) 
to the long-lived (i.e., 223Ra; T
1/2
 = 11.4 d or 226Ra; T
1/2
 = 
1,600 yrs.) isotopes using equation 1, where ARCO is the 
measured activity ratio of the station of interest, AR
GW
 is 
Equation 1.
the activity ratio of the discharging groundwater source 
(i.e., cenotes and springs), and λ is the decay constant (d-
1) for the short-lived (S) and long-lived (L) radium isotope 
(Knee et al., 2011). 
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Stable isotope measurements: To trace and constrain 
groundwater sources, stable isotopes of δ18O and δD 
were measured from 20mL samples filtered to 0.7 µm 
with Whatman GF/F filters and run on a Picarro L2120-
I cavity ringdown spectrometer with uncertainties of 
0.1‰ for δ18O and 1‰ for δD. Abundances of oxygen 
and hydrogen isotopes were measured relative to the 
accepted international standard Vienna Standard Mean 
Oceanic Water and are report in the conventional delta 
(δ) notation in permil (‰). 
Results and Discussion
Spatial-distributed radon-222 SGD rates 
and radium-water ages
Total 222Rn activities and the associated SGD rates mea-
sured during the nearshore continuous survey range 
between 1 and 18.3 m d-1. The highest rates were mea-
sured starting a few kilometers east of Dzilam de Bravo 
and continue closer to Progresso. The highest rate was 
measured in the surroundings of the Xbuya-Ha spring 
(Figure 3A). As mentioned earlier, Valle-Levinson et al. 
(2011) using physical measurements found SGD rates 
up to 3 orders of magnitude higher at this spring. Ra-
don surveys were conducted at a relatively fast speed 
(average ~ 20 km h-1) and with intakes only about 1 m 
below the air-water interface, thus SGD is likely under-
estimated due to limited response time of the detectors 
when passing over, or close by, point sources. In addi-
tion, radon measurements are integrated over an average 
~13 km distance, thus the rates provided herein represent 
the groundwater influence over an extended area where 
dilution by the sea and degassing is expected to occur.
Field observations do not confirm the presence of high 
density or visible underwater springs in the nearshore ar-
eas east of Dzilam de Bravo to station 7 and west of the 
Dzilam de Bravo area and station 11, where SGD was 
found to be on the higher range (10-18 m d-1) (Figure 
3A). For the area west of Dzilam de Bravo, however, po-
integration time, resulting in a measurement every 10 
minutes or every ~3.5 km on average. 
Radon-222 -derived submarine groundwater 
discharge rates
Radon-222 -derived submarine groundwater discharge 
rates were measured to identify areas of significant 
groundwater discharge (Burnett and Dulaiova, 2003) be-
cause of the unreactive nature and short half-life (T1/2 = 
3.83 d) of 222Rn make it an excellent tracer. The continu-
ous 222Rn measurements were used to construct a mass 
balance to estimate SGD ((Burnett and Dulaiova, 2003; 
Burnett et al., 2001)).  Expressed mathematically, the 
total 222Rn flux (Ftotal) at the station equals equation 2, 
where λA
Rn
 is the decay corrected activity of 222Rn in wa-
ter column, λA
Ra
 is the activity of 222Rn due to production 
226Ra in the water column, z is the water depth, Fo is the 
offshore flux (flood tide), Fi is the inshore/nearshore flux 
(ebb tide), Fsed is the sediment flux, Fatm is the losses due 
to atmospheric evasion, and Fmix is the losses due to mix-
ing processes. The main principle behind using continu-
ous radon measurements to quantify groundwater dis-
charge rates to surface waters is based on the inventory 
of 222Rn over time accounting for losses/gains that have 
altered the apparent 222Rn activity. Tidal mixing effects 
could not be fully addressed using the presented methods 
as change in tidal height occurred over large distances 
and nearshore and offshore 222Rn activities were not con-
strained, thus the Fo and Fi terms were neglected.  It is 
assumed that the lower radon fluxes observed during 
the transect are due to mixing with offshore waters of 
lower activity. The maximum absolute values of the ob-
served negative fluxes during each day are used to cor-
rect radon fluxes for losses via lateral mixing (Burnett 
and Dulaiova, 2003; Dulaiova et al., 2006). Sediment-
supported radon activities were measured using labora-
tory equilibration experiments from sediment samples 
collected at each sampling station following the methods 
outlined by Corbett et al. (1998). Thus, any changes can 
be converted to radon fluxes. Using the advective fluid 
radon activities, which in this case were selected from 
the sampled coastal springs, 222Rn fluxes are converted 
to water fluxes (Burnett and Dulaiova, 2003):
Equation 2.
Equation 3.
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Figure 3.  (A) 222Rn-derived SGD rates, (B) 224Ra:223Ra, (C) 224Ra:226Ra activity ratios for surface 
water stations and cenotes and springs, (D) Temperature, (E) Salinity, and (F) δ18O for surface 
water stations and cenotes and springs.
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charges to the sea via coastal springs rather than sub-
merged springs further from shore. SGD rates and ra-
dium ages seem to correlate for the nearshore transect 
spanning from El Cuyo to Chelem to the west. On the 
other hand, starting with station 15 to the east, SGD rates 
decrease while the radium activities and ARs are slowly 
increasing with a peak at Celestún. Here, the radium wa-
ter ages are the second lowest, just shy of that at Dzilam 
de Bravo, home of the “underwater labyrinth” Xbuya-Ha 
spring. Interestingly, the oceanic currents take a north-
erly turn a few km east of Celestún, thus limiting the 
carryover of depleted radiogenic signature waters to-
wards Celestún. In the nearby Celestún Lagoon (Figure 
1), radium activities were found to be about one order of 
magnitude higher than in all our measurements along the 
Yucatán coastline (Young et al., 2008). In fact, radium 
abundances in the Celestún Lagoon were in the same 
range as the coastal springs samples as part of this study. 
This may explain the higher observed radium activities 
at our nearby sampling location. 
Oxygen and hydrogen stable isotopes, 
salinity and temperature 
Nearshore salinity distribution varies significantly 
(range: 32 to 37; average 35) but does not follow a simi-
tential transport by the persistent westward coastal cur-
rent (driven by NE winds and momentum transferred by 
the Yucatán current) (Enriquez et al., 2010) could explain 
the higher than expected groundwater influences. Ocean 
current transport is supported by the lower 224Ra:226Ra 
activity ratios and the increasing surface water ages from 
Dzilam de Bravo toward Progresso (Figure 3 B, C). Nat-
urally, it is expected that radon will degas and dilute with 
distance from the source. Also, the long-lived 226Ra ac-
tivities will decrease due to dilution with more depleted 
seawater while 224Ra and 223Ra will be affected by decay 
and dilution, and in the absence of nearby inputs their 
activities will decrease along the shoreline as carried by 
oceanic currents. This behavior is confirmed by the de-
creasing activities of radium isotopes to the west from 
around Dzilam de Bravo and to Chelem (Figure 4). 
Increased SGD rates along the coastline between sta-
tions 6 and 9 (Figures 1 and 3) are also not supported 
by mapped submarine springs, but magnitudes of SGD 
equal those around the Xbuya-Ha spring. Based on the 
“Yucatán cenotes” layer in the ESRI online database 
locations of cenotes, there is a large number of cenotes 
extending out from the “ring of cenotes” that merge into 
the coastline between these stations. Thus, we speculate 
that older groundwater (e.g., lower radium ARs) dis-
Figure 4.  Radium activities and salinity for surface water and cenotes and springs.
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ure 6C, only oxygen relationship shown). In general, 
during summer months groundwater has lower tempera-
tures than surface water. For that reason, SGD, if signifi-
cant, is expected to decrease surface water temperatures 
(Petermann et al., 2018).  Although not fully explained, 
Surić et al. (2015) suggests that groundwater rapidly 
warms up when it moves away from the coast. Tem-
perature measurements are not available for the coastal 
lar pattern with SGD rates or radium activities (Figure 
4). On the other hand, temperature follows a similar pat-
tern distribution as the 224Ra:223Ra and 224Ra:226Ra ARs 
and radium water ages (Figures 3 B, C, D, and 5B). Sur-
face water spatial and temporal variation of δ18O and δD 
signatures are generally influenced by geographic and 
climatic (i.e. latitude, elevation, distance from the coast, 
humidity, temperature, precipitation, evaporation) char-
acteristics of the area and exchange with groundwater 
(Walther and Nims, 2015). In this study, surface water 
δ18O and δD ratios spanned from –0.6 to 2.1‰ (aver-
age 0.9‰) and from –2.2 to 15.3‰ (average 6.09‰), 
respectively, with the most depleted signatures measured 
on the east side of the Yucatán coastline (Figure 3E). 
West of Progresso also exhibited more depleted signa-
tures, in this instance associated with lowers salinities 
(Figure 3 E, F). Except for slight deviations, the most 
enriched stable isotope abundances are associated with 
the higher SGD rates and younger radium-based water 
ages (Figure 3).  
Coastal and submerged springs’ signatures yielded more 
depleted δ18O and δD signatures (−4.2 to 1.7‰, aver-
age 1.9‰; and –25.4 to –11.2‰, average –10.3‰) (Fig-
ures 3F, 6A). The above-mentioned submerged spring, 
Xbuya-Ha, has the most depleted signature measured in 
nearshore waters (δ18O and δD: −2.0 and -11.8‰) and 
is similar to the coastal springs (Figure 6A). The second 
submerged spring, which showed a much weaker surface 
imprint, has virtually the signature (δ18O and δD: 1.7 and 
11.2‰) of other seawater samples collected between 
stations 6 and 9, which also show elevated temperature, 
SGD and lower ARs (e.g., older radium age). Both sur-
face water and spring δ18O and δD abundances show a 
deviation from the global meteoric water (GMWL) line 
with a shift towards more depleted δD but more enriched 
δ18O (Figure 6a). This trend is usually associated with 
evaporative effects, especially on surface water. Only 
two of the coastal springs and the fast drip sample (from 
a cave near Merida) fall along the GMWL.  The fast 
drip δ18O signature (-3.4‰) is virtually identical with 
the local precipitation signature reported by Young et al. 
(2008) of -3.2‰.
Groundwater discharge source indicators
Similar to radium, surface water stable isotope signatures 
are not correlated with salinities (Figure 6B) but exhibit 
a significant positive correlation with temperature (Fig-
Figure 5.  224Ra:226Ra activity ratio plotted 
against (A) salinity, (B) temperature, and (C) 
δ18O. Strength and significance of correlations 
are given as r and p-values, respectively.
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23.3‰ and 23.5‰ at the base of the freshwater lens to 
1.3‰ and 0.8‰ at the bottom of the sampled cenotes (98 
to 120 m depth). 
Signatures of δD range from -19.7‰ and -12.0‰ at the 
base of the freshwater lens, to 7.9‰ (at 120 m) and 7.2‰ 
(at 98 m). They also measured increased conductivities 
with depth. Thus, coastal discharges originating from 
these deeper and more distant sources may be enriched 
in the stable isotopes or of higher salinities, as observed 
in our study. However, if originating from deep struc-
tures like those investigated by Young et al. (2008), water 
temperatures are expected to be lower. Unless, transport 
through connected cenotes brings water from deeper ce-
notes at further distances inland to shallow more coastal 
openings where it is exposed to sunlight and heat, thus 
experiencing further isotope enrichment and an increase 
in temperature. Open cenotes are pervasive in the Yuca-
tán, and naturally, water open to the atmosphere and high 
temperatures experiences the effects of evaporation. 
In this study, a statistically significant inverse correla-
tion between the 224Ra:226Ra activity ratios (and water 
ages) and temperature indicates that older, or more dis-
tant, groundwater inputs are of lower temperatures while 
more recent groundwater discharges are warmer (Figure 
5B). This is further supported by the statistically signifi-
cant inverse correlations between 224Ra:226Ra ARs (or ra-
dium ages) and δ18O (Figure 5C).  Thus, areas with older 
groundwater inputs, or in other words weaker ground-
water signals, the sea surface temperatures are lower and 
of a more depleted stable and long-lived radium isotope 
abundances (Figure 3). On the other hand, where wa-
ter radium ages are younger, the temperatures and stable 
isotope signatures are higher.
As discussed above, all coastal springs have negative 
abundances of the two stable isotopes, but just two of 
them do not show effects of evaporation and have sa-
linities of, or nearly, zero. Thus, although not well con-
strained in this study, it may be that significant amounts 
of SGD may be of recirculated nature rather than fresh 
groundwater inputs. On the other hand, nearshore 
stretches with more depleted stable isotope signatures 
and lower radioisotope abundances and temperatures, 
such as those in the eastern most portion of the study 
area, could be influenced by recently recharged shal-
low groundwater input. Lower water-rock interaction 
times associated with short flowpaths or transport rates 
springs. Nevertheless, since the sampled groundwater 
endmembers are characterized by more depleted isotope 
abundances, the positive correlation between tempera-
ture and the δ18O presented herein is considered to be 
an indicator of different groundwater inputs. Young et 
al. (2008) observed significant enrichment in the isotope 
signatures with depth in a few cenotes located inland in 
the Yucatán. For instance, δ18O abundances ranged from 
Figure 6. (A) δD plotted against δ18O. 
δ18O plotted against (B) salinity and (C) 
temperature with strength and significance 
of correlations given as r and p-values, 
respectively.
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range between 1 to 18 m d-1. SGD is the main terrestrial 
influence and occurs as springs or diffuse seepage. Oce-
anic processes such as turbulence and water currents, are 
expected to weaken the groundwater signal when mea-
surements of SGD are not conducted on the point source. 
For that reason, in the absence of a mixing degree evalu-
ation, the reported SGD rates and radium water ages are 
essentially relative indicators of groundwater discharge 
magnitudes rather than quantitative assessments.
The largest SGD influence, using 222Rn as the groundwa-
ter tracer, was found in the area around Dzilam de Bravo, 
and extending to approximately 40 km to the east and 70 
km to the west. In general, radon SGD rates agree well 
with the radium water ages along the sampled coastline, 
except at Celestun where SGD rates are among the low-
est while radium activities and corresponding ages are 
decreasing, thus a nearby source of groundwater dis-
charge. This discrepancy is related to the more distant 
previously observed input of groundwater in the semi 
enclosed Celestun Lagoon which, while diluted by the 
oceanic waters, it carries high amounts of radium. 
The pattern of temperature, stable oxygen and hydro-
gen isotope ratio abundances and radium activity ratios 
throughout the coastline indicates the presence of at least 
two distinct groundwater sources: 1) Weak groundwater 
signals are associated with lower seawater temperatures, 
more depleted stable isotope abundances and higher 
radium ages or more depleted long-lived isotopes; 2) 
Strong groundwater signal areas are of higher seawater 
temperatures, more enriched stable isotope signatures, 
and lower radium ages or more enriched in the long-
lived radium isotopes. 
These potentially different inputs and forms of ground-
water discharge are expected to have implications on the 
input and transformation of contaminants to the Gulf of 
Mexico. Given that high coastal groundwater discharge 
is occurring along the study area, inland anthropogenic 
influences on the ecosystem health are likely significant, 
as indicated by the close alignment of this study’s stron-
ger groundwater signals with the previously reported de-
gree of ecologic health. 
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